In this report a mathematical model, which is based on the electrostatic potential and elastic/ mechanical properties, is presented for formation and stability prediction of DNA-dendrimer nanocluster. This model is built upon the assumption of the DNA inextensible semi-flexible polymer model (also known as worm-like chain model) and application of the non-linear Poisson-Boltzmann equation. The electrostatic free energies (free energies for assembling of fixed charges and mobile ions), and also the elastic free energies of DNA chain wrapped around the dendronized polymer are predicted. The effects of the mechanical properties of DNA such as bending, twisting, and bending-twisting interactions on the stability of nano-cluster with different conformations in terms of free energy are investigated. The effect of temperature on the free energy is also investigated and the enthalpy and entropy of the systems are calculated at different ionic strengths. The effects of ionic strength on the free energy of nano-cluster formation from DNA and dendronized polymer (free energy of nano-cluster formation) and thermodynamics stability of their conformations are studied. The reported properties will help us to understand the electrical and mechanical properties of DNA and the formation and stability conditions of DNA-Dendrimer nano-clusters.
INTRODUCTION
Investigation into the nano-cluster formation between DNA molecules of flexible chains which possess surface negative charges and ionic-macromolecules possessing opposite (positive) charges is an important subject in many aspects of nanotechnology, especially in nano drug delivery and gene therapy. [1] [2] [3] [4] [5] [6] [7] Dendrimers are one of the primary ionic-macromolecules which are proposed as the DNA carrier. 8 9 Physical and chemical properties of dendrimers are an outgrowth of their s hape as well as the presence of charged groups on their s urface. Highl y positive charge density with no i mmunogenetic or carcinogenetic 10 effect, together with high s olubility i n water has l ed to the use of dendrimers as an efficient carrier f or i n vivo DNA delivery. 11 The dendronized polymers are new type of den-drimers which have a cylindrical s hape and are capable to produce nanoclusters with DNA i n a l iquid media ( see Fig. 2 of Ref. [1] ). The nano-cluster is formed by Since shape, size, surface charge density, and chemical structure of these nano-clusters play an important role in their efficiency for DNA delivery and their activities for transfiction, therefore electrostatic, 1 13-15 elastic, [16] [17] [18] [19] [20] [21] [22] [23] and thermodynamic investigations of their behavior are inevitable.
We have already reported on the electrostatic property prediction and simulation of DNA-dendronized polymer nano-clusters based on the nonlinear Poisson Boltzmann (PB) equation. 1 24-31 In our previous work the density of charges was applied and electrostatic potentials were resulted by solving the nonlinear PB equation.
Various aspects of the elastic/mechanical properties of DNA under different range of forces have been analyzed by various investigators. [32] [33] [34] [35] [36] The variety of proposed models which describe the elastic behavior of linear polymers usually start with the random walk theory where the polymer path is modeled by a sequence of uncorrelated steps in space. 37 For polymers of simple chemical structure or
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Email addresses: AN1: alinikakhtar@yahoo.com; AN2: asadnasehzadeh@yahoo.com: GAM: mansoori@uic.edu for very long chain polymers, the random walk model is shown to be sufficient. However, the random walk model is not found sufficient enough for polymers which exhibit a certain bending stiffness in their structure that preserves the direction of a monomer in the polymer with respect to the two adjoining monomers over a persistence length. These polymers are semi flexible because their monomer segments can not freely bend with respect to one another and the bending of chain requires energy. DNA is semi flexible and therefore the wrapping of DNA around the dendronized polymer requires energy. Thus in this case, the classical inextensible semi flexible polymer model, or worm-like chain model, is well adapted to DNA. 37 38 A proper mathematical model, 20 39-41 which is based on the electrostatic potential and elastic/mechanical properties, may be applied to predict the behavior of DNAdendronized polymer nano-cluster formation.
In the present report we introduce a formation and stability prediction model for DNA-dendronized polymer nano-cluster considering the semi-flexible nature of DNA. The stability model presented here will provide an insight into the formation and conformations of DNA-dendronized polymer and its stability during DNA delivery.
The specific feature of the present work which is a complementary to our previous reports 1 24-31 is to investigation the thermodynamics of DNA and dendronized polymer systems in order to determine the formation and stability of nano-cluster in terms of free energy, enthalpy, and entropy. It should be mentioned that dendronized polymers are a new class of synthesized dendrimers and their nano-cluster formation with DNA has not yet been experimentally investigated. To our knowledge there is no experimental published data available to be compared with our computational results. However, the theoretical computations reported here, which are based on sound physical principles, will be quite useful for formation and stability analysis of DNA-dendronized polymer nano-clusters.
THEORY AND METHOD
The free energy of a nano-cluster, which is formed by wrapping a DNA (as a semi-flexible rod) around a dendronized polymer (rigid cylinder) due to surfaces charges (see Fig. 2 in Ref. [1] ) in an ionic solution with defined ionic strength, can be formulated by considering the combination of the following three contributions: (1) Electrostatic contribution:
1 DNA and dendronized polymer in solution are charged macromolecules thus there are electrostatic interactions between them and also there are electrostatic interactions between these charged macromolecules and small mobile ions in the ionic solution.
(2) Elastic contribution: 23 DNA is a semi-flexible macromolecule and under the electrostatic attraction could be wrapped around the dendronized polymer. However, wrapping a DNA around a dendronized polymer requires consideration of bending and twisting energies.
(3) The "chemical" (i.e., non-electrical) contribution: The origin of chemical free energy is the chemical preference of the ions forming the surface charge for the surface over the bulk or the tendency to the electrolytic dissociation of groups in the surface. This contribution may be omitted in dealing with interactions in which the surface charge remains constant.
Here this third contribution is omitted because the functional groups on the surface of DNA and dendronized polymer in nano-cluster in a biological pH range of about 7 (pH ∼ 7.36-7.42) are completely dissociated. As a result the surface charges remain constant. The first two contributions are described in more detail in the following section.
Electrostatic Contribution
The electrostatic free energy is a result of the electrostatic potential of charging process. It is the energy which is needed to assemble the charges on the surface of a nanocluster. It is also the driving force to move the mobile ions towards the nano-cluster and to change the distribution and direction of mobile ions and solvent around the nano-cluster.
The electrostatic free energy for this process is defined by the following equation: 3 ] is the concentration of the ith, ion in the bulk of electrolyte solution, k is the Boltzmann constant, and T is the absolute temperature. In order to calculate the electrostatic free energy it is necessary to know electrostatic potential and charge density at every point in the system. The local concentration of mobile ions is given by the Boltzmann's electrostatic expression (c Formation and Stability Conditions of DNA-Dendrimer Nano-Clusters
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and negative fixed charges, respectively, is the modified Debye-Hückel parameter,
, is the Debye length, I is the ionic strength of the bulk solution, and r m is the position vector of a charge. The analytical solution of Eq. [2] is only possible for charged spherical macromolecule systems which have simple and symmetric charge density on their surface. Since the nano-cluster considered here is a rather complicated system the analytical solution of the nonlinear PB equation is presently not possible. Therefore the finite difference method has been used to obtain electrostatic potential of the system. For a more detailed explanation of this computational finite difference method please see Ref. [1] .
The Elastic Contribution
The elastic free energy associated with the rigidity of a flexible rod does not favor the helical conformation. In this work DNA is considered to behave as an incompressible rod at constant temperature and pressure so that the approximation dG = dF = dU is valid for it. Also DNA is assumed to behave as a semi flexible rod which resists to bending and twisting. The linear conformation of DNA is the most stable conformation while the other conformations (bending and twisting) require higher energies than the linear conformation. The shape and size of a bended and twisted DNA can be parameterized by an arc length denoted by s and defined as the length of the arc from a reference point, or starting point, as shown in Figure 1 .
We describe the rod by relating its local coordinate frame L to its frame L 0 rigidly embedded in the curve (wrapped part of DNA) in its relaxed configuration at each point of arc length. The helical space curve conformation is parameterized 20 as:
The length of space curve defined as the arc length and unit vectors which determine the coordinates of the nano-cluster and the local frame of each point of the DNA wrapped around the dendronized polymer.
by setting e 1 = u, e 2 = n, and e 3 = t, with e i / s = × e i ; here = 1 2 3 is angular velocity of the frame {e i }. These three unit vectors can be expressed by the following equations:
Then by using these three unit vectors it is possible to drive expression for the angular velocity as:
The general power series expansion of the elastic energy with respect to deformations and truncated after the quadratic order in the deformations has the following form
The first two terms of the above equation are related to bending deformations. Parameters A and A are bending persistence lengths along the directions e 1 and e 2 , respectively. The third term in the above equation represents the twisting energy where C is the twisting-persistence length
In the above equation i j are unit vectors in Cartesian coordinates that nano-cluster is defined in, R stands for radius of wrapping, is the length of DNA per unit length of dendronized polymer, and is the height per DNA turn (pitch) (see Fig. 1 Figure 1 are local unit vectors which are placed on the various points of DNA molecules and define the state of DNA rod, i.e., the direction of bending and twisting in the space.
). The vectors u s n s t s)in
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and
The total free energy of nano-cluster is then given by:
The enthalpy and entropy of nano-cluster can be also calculated by using the Gibbs-Helmholtz equation:
Nano-Cluster Formation
Since the free energy is a state function then the thermodynamic path depicted in Figure 2 can be chosen to calculate the free energy of nano-cluster formation knowing the other free energies described above for which we know their equations and which can be directly estimated. In order to calculate the total free energy of nanocluster formation, the reagents, i.e., DNA and dendronized polymer are assumed to be initially in separate solutions of 1:1 salt (such as NaCl) with the same ionic strengths. The surface charge densities of DNA and dendronized polymer, each, produce an electrostatic filed in the solution which causes the mobile ions and solvent (water) molecules to rearrange around the polyelectrolyte. Consequently the system will have a new free energy. The DNA in its initial separate solution is assumed to be neither bended nor twisted. Since DNA has surface negative charges and is also flexible, then on mixing the DNA solution with dendronized polymer solution, DNA will be adsorbed by dendronized polymer and will wrap around it. Consequently a nano-cluster with the lowest free energy is formed. The free energy of nano-cluster formation can be calculated by using the thermodynamic path shown in Figure 2 which is represented by the following equation.
The new arrangements of ions and water molecules around nano-cluster, the initial conformation of DNA and dendronized polymer and also the resistance elasticity of DNA are included in this equation. The resistance elasticity is responsible for bending and twisting free energies and is a characteristic property of the DNA structure.
As an example we use the same system which was studied in Ref. [1] . It consists of a dendronized polymer with the length of 50 Å and 80 positive charges and a DNA with the length of 435 Å and 255 negative charges. The electrostatic potential of nano-cluster which is formed by these two polyelectrolytes is calculated by using the nonlinear Poisson-Boltzmann equation as discussed in our previous work. 1 The calculations are repeated at different ionic strengths and at different temperatures for several nano-clusters of different conformations in order to predict the formation and stability conditions of the nano-cluster.
The dielectric constant of the aqueous solution (the media for the nano-cluster) is dependent on temperature. Therefore the dielectric constant for every temperature 42 is used to calculate the electrostatic potential of nano-cluster system. The electrostatic free energy in terms of different contributions of fixed and mobile charges and the entropic free energy of mixing of mobile species and solvent are determined by using the electrostatic potential of system and finite difference method using the same procedure as before. 1 
RESULTS AND DISCUSSION

Nano-Cluster Stability Conditions
The bending and twisting free energies of nano-cluster of different conformations calculated using Eqs. (9) and (10) are presented in Figures 3 and 4 , respectively. According to these two figures the bending free energy is about one order of magnitude larger than the twisting free energy for a given pitch. Also the bending free energy decreases, while the twisting free energy increases as the size of the pitch increases.
According to Eq. (9) the free energy of bending is directly proportional to, both, the length of the wrapped part of DNA ( , and the fourth power of the inverse length of DNA per unit turn ( ). These two terms will decrease by increasing the size of the DNA pitch ( ). The size of the pitch, which is the same as the length Figure 5 . According to Figure 5 variation of temperature has similar effects on the electrostatic free energy and the total free energy. In this figure the minimum free energy for each temperature corresponds to the most stable conformation. For example, according to Figure 5 at T = 283 15 K the most stable conformation is at a DNA pitch of = 30 Å length when only electrostatic free energy is considered. By considering the total free energy (which includes electrostatic and elastic free energies) the most stable conformation shifts to a DNA pitch of = 35 Å length. Another interpretation of the data reported on Figure 5 is that with consideration of the elasticity of DNA the DNA pitch size increases and its elasticity actually destabilizes its electrostatic conformation.
To calculate the effect of temperature on the total free energy we have used the Gibbs-Helmholtz equation, Eq. [12] . The result of this calculation for = 35 Å is shown in Figure 6 . According to Figure 6 the total free energy at = 35 Å changes linearly with inverse temperature for the temperature range which is examined. The slope of this plot gives us the total enthalpy of nano-cluster, H total = −568 kJ · mol −1 which indicates that the charging of nano-cluster is an exothermic process.
By using the Gibbs-Helmholtz equation the total enthalpy of various DNA pitch sizes is calculated and the results of calculations are reported in Figure 7 at three different solution ionic strengths. According to Figure 7 the total enthalpy decreases with increasing the size of the DNA pitch, i.e., as the size of the pitch increases more heat is released. This reveals that by increasing the size of the DNA pitch, the adsorption of mobile ions on the nano-cluster is increased. Moreover Figure 7 indicates that when the ionic strength decreases the enthalpy of the system also decreases (more heat is released). This can be interpreted as the following: At low concentrations of mobile ions, the repulsion between the mobile ions of the same charges is less than at high concentrations. Also, the permittivity of electrostatic field into the solution is increased by decreasing the concentration of the mobile ions. Therefore the released heat from adsorption of mobile ions on the nano-cluster is increased.
From the data for total Gibbs free energy and total enthalpy and using equation = H − G /T we have calculated the entropy of nano-clusters of different conformations. The results of this calculation are reported in Figure 8 . According to this figure the calculated entropy of nano-cluster at various conformations is negative and decrease by increasing the size of the DNA pitch. It should be pointed out that the entropy data of the nano-cluster reported in Figure 8 represents the degree of the order in the system. Figure 8 indicates that the nano-cluster system becomes more ordered as the size of the DNA pitch increases. As the size of the DNA pitch increases more space on the surface of the nano-cluster will be available to opposite sign mobile ions to be attracted by the nanocluster. At lower ionic strengths than the biological ionic strength of 0.1 the entropy of the system becomes more negative. Therefore the permittivity of electrostatic field will be larger and the order in the solution will be more than the solution with higher ionic strengths.
Formation of DNA and Dendronized Polymer Nano-Cluster
The electrostatic free energies of a 435 Å DNA with 255 negative charges and 50 Å dendronized polymer with 80 positive charges, which have been calculated at different solution ionic strengths, are shown in Figure 9 . According to Figure 9 the electrostatic free energy of dendronized polymer is smaller than the electrostatic free energy of DNA at the same solution ionic concentration. This is mainly due to the difference in their number of surface charges. Also according to Figure 9 , when the ionic strength of the solution increases, the electrostatic free energies of, both, DNA and dendronized polymer decrease. This is because when the ionic strength is increased the concentration of opposite charge ions absorbed around the polyelectrolyte is increased. Thus the electrostatic field of polyelectrolyte is decreased in the system. By using Eq. [13] the formation free energy of the nano-cluster is calculated. The results of the calculations for three different solution ionic strengths versus the DNA pitch size are reported in Figure 10 . According to Figure 10 , the formation free energies of most of the conformations at various ionic strengths are negative. This indicates that for most of the conformations the nano-cluster formation is spontaneous. The formation free energy of nano-cluster at various solution ionic strengths computations performed using the mathematical model the conditions under which DNA and dendronized polymer spontaneously form nano-clusters are well described and defined. passes thought a minimum at the DNA pitch size of 32 Å and increases when the ionic strength increases.
Symbols and Abbreviation
A comparison between different free energies contributing to the formation free energy shows that the electrostatic free energy of DNA is the major one followed by the dendronized polymer and nano-cluster free energies.The free energies of bending and twisting have minor contributors to the formation free energy.
CONCLUSION
We previously reported 1 the electrostatic potential which is generated in an electrolyte solution surrounding the DNAdendronized polymer nano-clusters. Such nano-clusters have found applications in nanotechnology, in general, and in nano drug delivery and gene therapy, in particular. I n this work, we reported a new method for electrical and mechanical stability prediction as well as formation of DNA-dendronized polymer nano-clusters.
The mathematical model presented here will provide us an insight into the formation conditions of DNA-dendronized polymer and its stability during DNA delivery.
In this report the DNA worm-like chain model (which is a realistic model for DNA) is applied to calculate the elastic free energies. The plot of free energy per temperature versus inverse temperature (in the range of 278.15-323.15 K) was found to be linear and was used to determine the enthalpy and entropy of nano-cluster for various conformations in solution medium with different ionic strengths. It is concluded that the entropy and enthalpy of system are decreased by decreasing the ionic strength and increasing the size of the DNA pitch.
The stability of nano-cluster can be represented by free energy of nano-cluster formation since the most preferable reaction is accompanied with the most negative free energy. A thermodynamic path is proposed to calculate the total free energy of nano-cluster formation between DNA and dendronized polymer. Based on the 527 A. . Nikakhtar, A. Nasehzadeh, G.A. Mansoori Formation and Stability Conditions of DNA-Dendrimer Nano-Clusters J. . Compu'l & Theor'l NANOSCIENCE 4(3) : [521] [522] [523] [524] [525] [526] [527] [528] 20 
